We assess the range of validity of sgoldstino-less inflation in a scenario of low energy supersymmetry breaking. We first analyze the consistency conditions that an effective theory of the inflaton and goldstino superfields should satisfy in order to be faithfully described by a sgoldstino-less model. Enlarging the scope of previous studies, we investigate the case where the effective field theory cut-off, and hence also the sgoldstino mass, are inflaton-dependent. We then introduce a UV complete model where one can realize successfully sgoldstino-less inflation and gauge mediation of supersymmetry breaking, combining the α-attractor mechanism and a weakly coupled model of spontaneous breaking of supersymmetry. In this class of models we find that, given current limits on superpartner masses, the gravitino mass has a lower bound of the order of the MeV, i.e. we cannot reach very low supersymmetry breaking scales. On the plus side, we recognize that in this framework, one can derive the complete superpartner spectrum as well as compute inflation observables, the reheating temperature, and address the gravitino overabundance problem. We then show that further constraints come from collider results and inflation observables. Their non trivial interplay seems a staple feature of phenomenological studies of supersymmetric inflationary models.
A technical new result that has sparked much of the recent activity is the formulation of supergravity theories with non-linearly realized supersymmetry, the so called nilpotent supergravity [16] [17] [18] , which makes crucial use of the nilpotent (goldstino) superfield to implement supersymmetry breaking [19] [20] [21] [22] [23] . This new formulation has been shown to be able to accomodate effortlessly models of single field inflation in supergravity with (at first sight) an arbitrarily low scale of supersymmetry breaking in the vacuum. In such models, indeed, an idealistic decoupling of the sgoldstino degrees of freedom is assumed (encoded by the nilpotency condition), which otherwise interact non-trivially with the inflaton. Technically speaking, the use of constrained superfields thus appears to drastically simplify inflationary models. 1 We immediately see that there is a potential tension in this perspective. This is related to the energy scales that are involved in the problem, namely those of inflation, of supersymmetry breaking and of its mediation to the visible sector (the latter two are typically distinct, except in a handful of strongly coupled models). In other words, one might be worried that the cut-off scale of the sgoldstino-less effective field theory might fall below the scale of the physics that it is supposed to describe, i.e. inflation.
In [32] a class of UV complete models characterized by a fixed scale was considered. It was shown that requiring the UV completion not to spoil the inflationary dynamics (i.e. for a nilpotent effective description to be viable) imposes stringent restrictions on the parameters of the model. Eventually, the supersymmetry breaking scale turns out to be quite large, very close to the scale one would expect in gravity mediated models.
In this paper, we investigate whether it is possible to construct more general UV complete models of inflation (which mimic sgoldstino-less inflation) with a low supersymmetry breaking scale after inflation. Our proposal is to consider the scale of the UV complete model as being inflaton-dependent. The implementation is done by positing a connection between the inflationary sector and the hidden sector responsible for generating the supersymmetry breaking in the MSSM through e.g. gauge mediation (GMSB) [33] , realizing a unifying framework for inflation and low energy supersymmetry breaking. 2 We consider models of inflation where the field breaking supersymmetry plays the role of the stabilizer, while the inflaton field is not directly involved in the determination of the supersymmetry breaking vacuum in the hidden sector. The latter is typically characterized by some messengers whose supersymmetric mass sets the scale of (gauge) mediation. In our scenario the inflaton couples directly to these messenger fields. Thanks to this interaction, the messengers get large inflaton dependent masses during inflation, while their masses at the end of inflation can be small, and hence typical gauge mediation can occur.
The interest of this comprehensive approach is that the inflaton sector, as well as the MSSM superparticle spectrum and couplings can be completely specified. First, we find that the consistency of the theory implies that the scale of supersymmetry breaking can be in the regime suitable for gauge mediation to dominate, though in our class of weakly coupled models it is still not possible to access the lowest scales without dragging the superpartner masses to unacceptably small values.
Moreover, one can then address issues associated to the reheating and the dynamics after inflation, for instance the gravitino overabundance problem, and relate them to the expected superpartner spectrum. In such a framework the experimental constraints from cosmology, like the number of e-folds and the values of r and n s , can be supplemented with experimental constraints from collider physics, for instance the gluino mass bound from LHC. With some simplifying assumptions we will actually show that this combined investigation can reduce significantly the allowed parameter space of an inflationary model, leading to predictions for both inflation observables and for the superpartner spectrum. In particular, since the inflaton couples with the MSSM only through loops of heavy messenger fields, its decay width is small and hence the reheating temperature is generically quite low. This implies that the spectral tilt n s will be on the low end of the window compatible with experimental data.
In section 2 we review basics of sgoldstino-less models for inflation and we introduce the generic consistency conditions that this class of theories should satisfy. In section 3 we introduce our illustrative model, where the inflationary dynamics is governed by the α-attractor mechanism [40] [41] [42] [43] [44] . We revisit the α-attractor predictions and we discuss the regime of validity of the effective field theory (EFT) approximation in this concrete example. (Some more details are in Appendix A.) In section 4 we introduce a possible UV completion of the illustrative model, based on a supersymmetry breaking sector with gauge mediation. We first analyze the consistency conditions of the UV theory and recover bounds compatible with those discussed in the EFT analysis. In section 5 we perform a phenomenological analysis of the model. We compute the reheating temperature and implement bounds from the gravitino overabundance problem, Big Bang nucleosynthesis and LHC constraints. Finally, we conclude in section 6.
Effective field theory for sgoldstino-less inflation
Sgoldstino-less models of inflation [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] are characterized by the presence of a nilpotent chiral superfield S 2 = 0 [19] [20] [21] [22] [23] , i.e. the goldstino superfield, responsible for spontaneous supersymmetry breaking and another chiral superfield Φ whose imaginary component (in our conventions) is the inflaton field, which exhibits a shift symmetry in order to make its potential viable for inflation [28] . The nilpotency condition corresponds to the fact that the scalar component of the chiral superfield S, i.e. the sgoldstino, has been integrated out. The theory with the nilpotent superfield (and potentially with other constrained superfields) is then interpreted as an effective field theory valid up to the energy scale of the sgoldstino.
In this section, our aim is to take a step back and write an effective field theory (EFT) which includes the sgoldstino, but where we can estimate its mass and follow its decoupling at low energies. The sgoldstino gets its mass through non renormalizable operators in the Kähler potential, which can be for instance generated perturbatively in a weakly coupled UV completion. Such physics can be simply captured in a class of models of inflation in supergravity which is characterized by a few arbitrary functions. We take the following Kähler and superpotential
In these expressions the Kähler potential for Φ typically respects a shift symmetry which makes it independent of the imaginary component, to be eventually identified with the inflaton field. It can be typically non canonical with Planck scale corrections, reducing to a canonical form when the lowest component φ is small, i.e. after inflation. f (Φ) and h(Φ) are arbitrary functions of the inflaton field and can include higher dimensional operators typically suppressed by the Planck scale. They determine the scalar potential for the inflaton and hence should be chosen properly in order to have a viable single-field inflationary dynamics and a (meta)-stable vacuum at the end of inflation. Moreover, these functions have to be tuned in order to obtain a vanishing(ly small) cosmological constant in the vacuum at the end of inflation. The shift symmetry of the Kähler potential for Φ guarantees that the scalar potential for the imaginary part of φ does not have an exponential growth during inflation. On the other hand in order to generate a potential to drive inflation, the shift symmetry should be broken. The proposal in [28] is to introduce a massive term in f (Φ) to break the shift symmetry softly. It is also possible to break the shift symmetry directly in the Kähler potential, as long as it is still an approximate symmetry.
The validity of the sgoldstino-less description is controlled by the sgoldstino mass, which is φ dependent
The fermionic component of S is the goldstino and it is massless. It is eaten by the gravitino which then acquires the following mass
Note that the sgoldstino mass depends on another scale setting the validity of this effective theory which is Λ eff . By definition of EFT, this scale must be larger than m s . One should then wonder what is the typical size of Λ eff with respect to the Planck scale and how such a non-renormalizable operator is generated in a UV completion of the theory. If Λ eff ∼ M p the simplest interpretation is that this quartic operator arises from Planck scale physics. If instead Λ eff M p then one is necessarily integrating over some physics below the Planck scale and the operator leading to the sgoldstino mass can be typically interpreted as the leading term in a series of higher dimensional corrections to the Kähler potential suppressed by powers of Λ eff .
In the first case, the sgoldstino mass at the end of inflation will scale as
, where f 0 ≡ f (0). In order for this scalar to be decoupled from SM physics we should demand its mass to be larger than roughly a TeV. This automatically sets f 0 , the scale of supersymmetry breaking at the end of inflation, to be large, and poses the model in a scenario where the gravity mediated contribution to the MSSM soft terms, also scaling as
, are sizable. Actually, if Λ eff ∼ M p , in the vacuum the gravitino mass turns out to be of the same size as m s .
In the second case, the sgoldstino mass is given by
. Then f 0 can be small keeping m s sizeable, and SUSY breaking can be mediated to the MSSM via gauge interactions, with gravity mediated effects subleading. In this paper we are interested in the second case, and hence we are immediately facing questions associated to the validity of the effective theory at very high scales and the role played by Λ eff . In [32] the authors discussed issues associated to UV completions of sgoldstino-less models and found that a viable scenario needs an effective scale Λ eff of at most one order of magnitude smaller than the Planck scale. Here we discuss systematically the consistency conditions that we expect the effective theory to satisfy, and we propose a strategy to realize models of inflation with low supersymmetry breaking scale at the end of inflation.
Consistency conditions
Let us start with identifying the consistency conditions that the effective theory in (2.1) should satisfy. The idea is, again, that the EFT should be in its regime of validity at the energy scales of the physics that one is describing, that is during and after inflation. Hence, these conditions must be satisfied along the entire inflaton trajectory, from Planckian values to the origin:
These two conditions are necessary to have a well defined effective theory for S. Observe that all quantities appearing in these conditions should be intended as functions of the inflaton VEV. The first condition in (2.5) is easily translated into the constraint
The second condition in (2.5) is involved and requires the study of the sgoldstino VEV along the entire inflaton trajectory. Note that strictly speaking, an EFT such as (2.1) treats differently Φ and S, in the sense that integrating out the physics at Λ eff affects the Kähler potential of S, while the one of Φ is more generally determined by Planck scale physics. Nevertheless, we can conservatively ask that also the degrees of freedom of Φ, at least after inflation, are within the regime of validity of the EFT of S:
Besides these consistency conditions, in order to guarantee that inflation is driven by a single field (or equivalently, that the goldstino superfield is nilpotent at that time), we should demand that during inflation the sgoldstino is heavier than the typical scale, i.e. the Hubble scale, hence m
On the other hand this translates simply to
where we assume a potential dominated by |f (φ)| 2 . We thus see that having a scale for new physics lower than the Planck scale is actually a requirement for contemplating the decoupling of the sgoldstino from inflation.
Note that generically the effective scale Λ eff can be a function of the inflaton field, varying along the inflationary trajectory. This is a promising possibility since a function Λ eff (φ) increasing with φ implies that the validity threshold of the effective theory grows with increasing φ. Note that a φ dependent Λ eff would introduce a new source of shift symmetry breaking, which should be controlled by a small parameter.
In the next section we will study the implications of the consistency conditions on the effective field theory with dynamical Λ eff (Φ) in a simple model. We will then provide a UV completion which generates such effective theory.
this locus the Kähler potential becomes singular, corresponding to some states in the UV completion of the model that become massless.
As already stated, in taking into account corrections to the Kähler potential in Eq. (3.1), somehow we are considering on different footing the inflaton superfield Φ and the sgoldstino superfield. The assumption is that the α-attractor type potential is set by Planck scale physics, while the corrections to the sgoldstino are generated at a much smaller scale. This assumption is valid as soon as Λ eff (Φ) M p , which we ensure by demanding Λ 0 M p and g 1. Note that g 1 also ensures that condition (2.8) is satisfied.
The states at the scale Λ eff (Φ) will also generically generate Kähler corrections for the field Φ, possibly mixing Φ and S. However, we keep only the corrections to the field S since the sgoldstino would be massless at tree level if not for such corrections, which are the leading terms generating a sgoldstino mass. In the case of the inflaton field Φ, possible Kähler corrections to its mass from physics at the scale Λ eff (Φ) will be proportional to g and subleading with respect to the tree level terms. We will see how to generate the corrections to the Kähler potential in a UV complete theory in the next section, where also other terms (allowed by the symmetries) will be present, but will not change qualitatively the analysis of this section.
EFT validity analysis
We now proceed with the analysis of the scalar potential and the consistency conditions of the EFT description. Going to a real basis, one can define
where due to the structure of the Kähler potential, ϕ will play the role of the inflaton in what follows. The absence of linear terms in a small field expansion in χ guarantees that the so called sinflaton is stabilized to zero VEV during the whole inflationary trajectory. Assuming the validity of the effective formulation and that the stabilizer S acquires a sufficient mass during inflation, which will be checked a posteriori, one can derive the inflaton-dependent vev of the scalar s to be
where a prime denotes a derivative with respect to the complex field Φ in (3.2), and the functions f , h and Λ eff are all dependent on Φ = i ϕ √ 2 during inflation.
In the vacuum at the end of inflation, where Φ = 0, the cosmological constant can be removed by imposing that
which is equivalent to fixing
Note that in this vacuum s ∝ Λ 2 0 /M p , i.e. it is of the same order as the corrections to the above relation. In addition, the physical mass of the inflaton m ϕ is given by the parameter 2m h , whereas the gravitino mass (2.4) will fall down at the end of inflation to f 0 / √ 3M p . The vacuum at vanishing Φ is not a global minimum. Indeed, there is a supersymmetric vacuum in field space where the sinflaton gets a VEV of order
One therefore has to ensure that there are no tachyonic directions about the extremum. We find that the stability of the non supersymmetric vacuum in the sinflaton direction imposes the constraint
The inflationary trajectory spans the space of Im(Φ) with Re(Φ) = Im(S) = 0 while the real part of the sgoldstino is given by equation (3.5) . We should follow the inflationary trajectory in the ϕ − s space in order to verify that the conditions listed in the previous sections (and the absence of tachyons) are satisfied. The simple conditions (2.6) and (2.7) are translated in the following constraints
We note that the coupling g is crucial to keep the sgoldstino mass within the validity of the effective theory. We will see how these bounds correspond typically to no-tachyon conditions in explicit UV completions of the model. The third condition advocated in Section 2 is
and it is quite involved to solve analytically given the different terms entering into the expression for the sgoldstino VEV (3.5). In Appendix A we perform a simplified analysis of this VEV and we find that imposing the following inequalities
one is guaranteed that the sgoldstino VEV is within the validity of the EFT along the whole inflationary trajectory.
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To conclude, we find that in the model (3.1) the EFT is consistent all along inflation if the conditions (3.8), (3.9) and (3.11) are satisfied. Note that the last condition in (3.11) leads automatically to m h m f . This implies that during inflation, when the inflaton takes field values of order M p , the parameter m f dominates the scalar potential and hence sets the scale of inflation. The mass of the inflaton at the end of inflation is instead controlled by m h , which is a different (and much smaller) scale.
α-attractor inflation
During inflation, the potential will be dominated by the mass scale m f which will be fixed by the cosmological observables. Indeed, in an expansion for small parameters f 0 , m h and Λ 0 , the effective potential during inflation is, at leading order
However, due to the non-canonical Kähler potential, we have to normalize the inflaton using
As usual in α-attractor scenarios [40] [41] [42] [43] [44] [45] , one can use the COBE normalization and the slow roll conditions to extract the values of n s , r and m f as a function of α and the number of e-folds, denoted N . We here focus on the case of the quartic power potential as in (3.12) . Moreover, in order to provide analytic expressions, we can consider N to be large and expand the relevant quantities in powers of 1/N .
The inflation observables n s and r at second order in this expansion and in slow roll are [46] 
where C = γ E + log(2) − 2 and γ E is the Euler constant. Notice that for α = 1 these relations, at first order in 1/N , reproduce the Starobinsky and the Higgs inflation model, though the second order term is different [47] . Moreover, the COBE normalisation
where we expanded m f only to first order in 1/N since we do not require additional accuracy.
The predictions for the α-attractor model with quartic potential is displayed in Fig. 1 for different choices of α and of the number of e-folds N . In Section 5, once we will have specified the UV completion, we will compute the reheating temperature and derive the expected number of e-folds. One can observe that anyway the required values of m f stand between 10 −6 M p and 10 −4 M p , the lowest values being favoured for α = 1/3.
Note that generically for small numbers of e-folds one can obtain from the α-attractor models values of n s which are in the low-end region of the allowed Planck contours.
Remarks on chaotic inflation
Before proceeding to analyse a UV completion of this model, we would like to make a few remarks about the consequences of the consistency conditions identified in this section for other inflation models. In particular we would like to assess if nilpotent chaotic inflation (i.e. with a quadratic inflaton potential) can be consistently realized since, even if it is disfavored by recent measurements of the tensor-to-scalar ratio r [48] [49] [50] , it could represent a minimal application of the nilpotent paradigm.
The most economical possibility would be to consider a shift symmetric Kähler potential K = cosmological constant in the vacuum to be zero restricts to the choice f (Φ) = √ 3h(Φ) [2, 51, 52] .
This immediately leads to two important issues. First consider the case in which Λ eff is a constant independent on the inflaton VEV. Then the requirement f (φ) Λ 2 eff already puts strong constraints on the allowed values for
eff . For chaotic inflation, which needs large m f and reaches transplanckian values of φ, this implies a severe lower bound for Λ eff , as explained in [32] .
Second, one can consider the possibility of a dynamical Λ eff , as we assumed in our illustrative model. Note that the derivation of the sgoldstino VEV and the EFT analysis would be only mildly changed, since the Kähler attractor potential reduces to the canonical shift symmetric one for small values of φ and α = 1/3. In particular, the conditions (3.11) should still be fulfilled. If m h ∼ m f the third condition in (3.11) would imply Λ 0 M p which is not possible. Said differently, the sgoldstino VEV would exceed the limit of the EFT validity if m h ∼ m f , rendering the EFT description, with its truncation at quartic order in S, inconsistent.
A very careful different choice of the functions f (Φ), h(Φ) and Λ eff (Φ) could possibly overcome these issues, however we consider them as a sufficient motivation to forgo chaotic inflation and prefer to work with the α-attractor scenario.
UV completion and mediation of SUSY breaking
We now consider a UV completion of the effective model whose aim is two-fold. We add extra fields which, upon integrating them out, produce the effective quartic term in S, and at the same time act as mediators of supersymmetry breaking to the standard model. As our goal is to achieve scales of SUSY breaking which are rather low, we set ourselves in a gauge mediation scenario [33] , so that the extra fields can be taken to be the usual messengers, charged under the SM gauge group.
As is customary in GMSB, it is better to actually take the messengers to be in representations of a grand unified group, SU (5) being the minimal choice. Messengers come in vectorial representations, and the simplest option is to have one or more copies of 5 ⊕5.
We thus introduce the fields X and Y in the 5, andX andỸ in the5, and we consider a generalized O'Raifeartaigh model which is equivalent to the effective IR description of the theory considered in [53] .
In the rigid limit M p → ∞, we assume a canonical Kähler potential for all the fields (inflaton Φ included, which is indeed what one gets in this limit from (3.1) for α = 1/3), and a superpotential
Let us comment on the various terms. If we set Φ = 0 and m y = 0, we have a complexified version of the usual O'Raifeartaigh model, with S playing the role of the superfield with a non-vanishing F-term, a classical flat direction and the Goldstino as fermionic component. Its coupling to the messengers λ can be taken to be typically O(1). Turning on the term with m y breaks R-symmetry and thus allows for gauge mediation to generate non-zero gaugino masses, as shown in [53] . Bringing now the inflaton into the game, the crucial term is the one with g f , which couples Φ to all the messengers and, more importantly, makes their mass inflatondependent. The last two terms involving m h and λ f = m f /M p will not be important for the physics of SUSY breaking. Note that, if we assume that the term with m h preserves R-symmetry, then both g f and λ f break it, and should be taken to be small. Indeed, λ f can be assumed to take its value between 10 −6 and 10 −4 as in the previous section.
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Since W breaks R-symmetry for generic couplings, we expect to have SUSY vacua. However, if the R-symmetry breaking terms are small enough, we also expect the SUSY breaking vacuum near the origin to survive as a long-lived metastable state. We anticipate that the latter state will be obtained as follows: one sets all the messenger fields and the inflaton to zero, and then computes the effective potential for S. There is generically a local minimum near the origin which becomes a global minimum if one takes m y , g f , λ f → 0. The SUSY vacua (i.e. solutions to the F-term equations descending from W above) occur either for parametrically large non-zero values of the messenger fields, i.e. outside the domain of validity of the effective low-energy theory where the messengers have been integrated out, or for large sinflaton VEVs. It is indeed possible to check that the SUSY vacua are far enough from the inflationary trajectory in the Φ − S plane.
No tachyons in the messenger sector
First, we discuss the conditions for which there are no tachyons in the messenger sector, along the inflationary trajectory, i.e. around zero values of X, Y ,X andỸ . The potential, given by the sum of squared F-terms, is
Expanded to quadratic order in the messenger fields (but to any order in S and Φ), we get
If we are to safely integrate out the messengers, we need to make sure that their squared mass matrix does not have negative eigenvalues, i.e. there are no tachyonic directions.
When this is ensured, we will assume that the mass eigenvalues are dominated by the diagonal values (the third line in (4.3)). 7 Thus in order to get a flavor of when tachyons could possibly arise, one can simply compare the off-diagonal terms to the diagonal ones.
First of all, we must exclude tachyons near the origin, that is for values of S and Φ subleading to any other scale. This is as in usual minimal GMSB, and we find
where we have also assumed that m y is at most of the order of M (this is necessary in order not to bring the SUSY vacua too close to the origin in the messenger directions). Going now to early times, at the beginning of the inflationary trajectory, we can assume g f Φ M . In this regime the diagonal terms are all of the order of g 2 f Φ 2 , while the off-diagonal terms are respectively of order g f Φ(m h + λ f S), λλ f Φ 2 , λSg f Φ and m y g f Φ. The new conditions are
where we have already simplified some redundant conditions by taking into account that m y M and λ f λ. Finally taking values of Φ which are such that g f Φ M , the same rule of thumb that off-diagonal terms should be less than M 2 gives the only additional conditions
The two conditions g f Φ m h and g f Φ M 2 /m h together imply that the inflationary trajectory does not cross a tachyonic region only if
Note that this condition implies that the mass of the inflaton after inflation lies within the regime of validity of the effective theory where the messengers have been integrated out.
All in all the no-tachyon constraints are
These are indeed the conditions we had been imposing on the EFT of the previous section, once the UV parameters are matched to the effective theory, as we will see in the next subsection.
Integrating out the messengers
We now integrate out the messengers in order to make contact with the low-energy effective theory discussed in the previous section. Assuming that we are far away from the tachyonic regions, we can integrate out the messenger in a SUSY fashion, obtaining the one-loop Kähler potential directly [54, 55] . This can be further simplified by treating the terms proportional to λS and m y as perturbations with respect to the dominant mass term proportional to M + g f Φ. The one-loop Kähler potential thus involves, when expanded in S, the following terms
where N m is the number of copies of the system composed of the X,X, Y andỸ superfields. We actually have N m = 5N 5 , taking into account that the messengers come in representations 5 and5. Note that there are also one-loop terms dependent only on S or only on Φ, that we omitted since they just represent loop-suppressed corrections to the canonical terms. The expression is expanded at first order in m y /(M + g f Φ).
The first term in (4.9) corresponds to the higher dimensional correction that we considered in the EFT description (see Eq. (3.1)) and is the one giving a mass to the sgoldstino. The other terms are other one-loop corrections which are allowed by symmetries and indeed can be generically added to the effective Kähler potential in (3.1). The second term in the first line is simply a sub-leading correction to the canonical kinetic term for the sgoldstino, which depends on the inflaton ϕ only at order O(g 2 f ). The second line is suppressed by a factor of m y /M and as soon as m y < M it is not relevant for the inflaton trajectory. However, these terms include the leading order operator that determines the decay of the inflaton in the sgoldstino, and are hence important later on in our analysis. Moreover, they lead to a VEV for the sgoldstino also in the non-SUSY vacuum of the (rigid) theory at the end of inflation, which scales as s ∼ my √ 2λ
. Note that for m y close to M , which will be needed in order to have sizable gluino masses, the sgoldstino VEV could become a relevant contribution to the inflaton mass which is now m ϕ 2m h + 2λ f S . We will comment later about this fact and we will show that in the interesting region of the parameter space this contribution is always negligible so that we can simply take m ϕ 2m h , as in the discussion of section 3.2.
As a consistency check, we verified numerically on the benchmarks considered in the following analysis, that these extra Kähler corrections play a negligible role in the determination of the inflaton trajectory in the S − Φ plane, and the first term in (4.9) is enough to capture the main features.
Comparing (4.9) with (3.1), we see that we can identify
As a consequence, the effective theory parameters Λ 0 and g are related to the UV messenger theory parameters M and g f by
We see that, as it is usually the case, the UV scale of the effective theory, and its coupling g, are somewhat larger than the messenger masses, and their coupling to the inflaton, respectively. This has to be taken into account when comparing the inequalities keeping us within the validity of the effective theory, to the ones keeping us away from the tachyonic domain of the UV theory. In particular, if we use the matching (4.11) to compare the inequalities that we have obtained in the EFT analysis in Section 3 (Eq. (3.9) and Eq. (3.10)) and the ones that we have obtained by demanding absence of tachyons in the UV theory in Section 4.1 (Eq. (4.8)), we find that the former are typically weaker. Hence in the following we will consider the dynamics of the UV completed model and we will apply the conditions (4.8).
Low-energy spectrum and gauge mediation
We now discuss the spectrum of the model, both during inflation and at the end of it. This will help setting the scale of some of the parameters of the model. From the inflationary sector we have the inflaton, together with its bosonic and fermionic partners. In the SUSY breaking sector, we have the gravitino and the sgoldstino. Eventually, we have the visible sector: we no longer consider the messengers, however their mass scale affects the visible sector soft masses through gauge mediation. Let us start with the inflationary sector. We concentrate here on the spectrum after inflation, which determines how much this sector could be relevant also to collider physics. Near the origin of Φ, the SUSY mass of all its components is controlled by m h . The SUSY breaking splittings are given by λ f f 0 , which is smaller than m 2 h by virtue of the condition (3.8) to avoid tachyons in this sector.
In the S sector, we can consider the mass of the gravitino and the mass of the sgoldstino. Note that the splitting between the latter two masses is all important for the viability of a sgoldstino-less description of inflation in supergravity. Indeed, we need to find the existence of a regime in which the gravitino is well below the scale of inflation (so that a supergravity description is justified) while the sgoldstino is above that scale, so that it makes sense to integrate it out (using a nilpotent superfield from the outset, for instance).
The mass of the gravitino is given by the standard SUGRA expression , under the only assumption m f m h .) During inflation, the Φ-dependent term will dominate, but given that Φ is Planckian at most, we will have m 3/2 m h , indeed smaller than the scale of inflation which is determined by m f . At the end of inflation, the gravitino mass is given as usual by
In low scale SUSY breaking models, this will be the smallest scale. The sgoldstino mass is controlled by the quartic term in the Kähler potential (4.9). It gives a mass
(4.14)
During inflation, i.e. for large Φ, we have
Thus as long as Φ > gM p the sgoldstino mass is larger than the scale of inflation, allowing to integrate it out (as in a nilpotent formulation). However we also see that by no means it decouples entirely from the spectrum, its effective mass soon plunging below m f . Indeed, at the end of inflation the sgoldstino mass is
As we will see instantly, this is at a scale just an order of magnitude larger than the soft masses of the visible sector. Assuming gauge mediation of SUSY breaking to be exclusively operated through the messengers which also couple to the inflaton, the soft masses of the visible sector can be completely determined. We note that the expressions are complicated by the presence of several parameters, such as m y which is necessary to obtain non-zero gaugino masses [53] . The gaugino and sfermion masses scale similarly to the sgoldstino mass, where however the loop suppression is due to SM gauge couplings, and where the gaugino suffers from an extra suppression in power of m y /M because of R-symmetry
(4.17) In particular the sfermion masses are quite large during inflation, but eventually reduce to the usual value [53] after settling in the vacuum:
where C i 2 are the quadratic Casimir of the sfermions and i runs over the SM gauge groups. These are the values that we will use in the phenomenological analysis in Section 5.
Analysis of the allowed parameter space
We can now combine all the consistency conditions in order to identify the allowed regions of parameter space and determine what are the typical mass scales of the relevant particles entering into the model, i.e. the inflaton, the sgoldstino, and the superpartners (we will consider as reference the gluino).
The model depends on many parameters, but eventually only few of them determine a qualitative difference in the physics outcome. We summarize here the relevant constraints on the parameters that we have encountered along our analysis:
• No tachyon condition in the UV model, arising from the analysis of the messenger mass matrix:
The condition on the sgoldstino VEV along the entire trajectory can be analyzed as we did for the EFT in (3.11) (see Appendix A), yielding . In practice, these conditions can be circumvented taking a strongly coupled hidden and messenger sector, for which no perturbative analysis can be done, leaving us with the EFT treatment of the previous section.
• No tachyons in the effective theory, i.e. the inflaton sector:
It is not straightforward to extract from this set of inequalities what is the allowed volume in the parameter space. So, in order to investigate the allowed region, we can proceed by fixing some parameters to typical values and plot the resulting region. Once we fix the dimensionless quantities (λ, g f , N 5 , my M ) and we take m f ∼ 10 −5 M p as suggested by the analysis in Figure 1 , we are left with only 3 independent parameters, i.e. {f 0 , M, m h }. We can trade two of these parameters with physical masses to conclude that our parameter space is a region in the three dimensional space spanned by {m λ , m 3/2 , m h }, where we indicated with m λ the gluino mass.
The allowed region of parameter space can then be easily displayed in the {m 3/2 , m h } plane by fixing m λ to some phenomenologically interesting value, as we do in Figure  2 . We considered as upper limit for the gravitino mass the value of 1 GeV since we want to focus on the case where the gauge mediated contributions to the soft masses dominate the gravity contributions. As we can observe, the allowed region in the {m 3/2 , m h } plane gets smaller as we increase the gluino mass, disappearing completely (in the m 3/2 ≤ 1 GeV region) for m λ ≥ 20 TeV on the selected benchmark. Note that the two boundaries are set by the two conditions (where we have reinstated the exact numerical prefactor for added precision):
We can saturate these inequalities to find the expressions m (up) h and m (low) h which determine the upper and lower lines of the triangle shaped allowed regions in Figure  2 .
It is instructive to consider the tip of the triangles, giving the lowest allowed values for the gravitino mass (and the inflaton mass), for a given gluino mass. It is simply obtained by saturating the two inequalities above. Using (4.13) and (4.18) we get: This is to be confronted with the lowest gravitino mass that one could obtain in our gauge mediated model, considered on its own, given by the bound (4.4):
We thus see that m tip 3/2 = 3αλ
that is we are roughly 5 orders of magnitude above the lowest gravitino masses generically allowed by GMSB. 10 In other words, the scale of supersymmetry breaking cannot be as low as we could hope in a GMSB scenario. Putting numbers, and using the benchmark point of Figure 2 , we get
(4.27)
Thus we see that, for reasonable gluino masses, the gravitino cannot be lighter than a few MeV. This translates into a lowest supersymmetry breaking scale of the order of √ f 0 ∼ 10 8 GeV, showing that for this class of weakly coupled models the scale of SUSY breaking cannot be arbitrarily small and compatible with sgoldstino-less inflation.
Phenomenological analysis
In order to simplify our analysis, from now on we will focus on the dashed lines in the middle of the triangles in Figure 2 , which is the average mean defined as
which determines m h for a given value of the other parameters. In this way we are reduced to a two dimensional parameter space spanned by {m 3/2 , m λ }, in which we will present our phenomenological analysis. Given that the model we have considered in the previous section includes predictions both for cosmology as well as for particle physics, we can constrain the parameter space using inflation observables, considerations about the reheating temperature, gravitino dark matter abundance, Big Bang nucleosynthesis (BBN), as well as LHC constraints. We discuss all these aspects in the next subsections under some simplifying assumptions. In particular, we do not take into account the extended Higgs sector and its possible effects on the phenomenology. Moreover, we consider the neutralino NLSP to be predominantly Bino, assuming that the µ parameter is such that the Higgsino is significantly heavier, and consistent with the estimates of the soft terms done previously (4.18) . At the end of the section, we will comment on how our analysis would be affected if instead the NLSP neutralino is a mixture of Bino-Higgsino.
We will present all the phenomenological characterization in the {m 3/2 , m λ } plane, restricting to the line (5.1) as just mentioned. We verified that exploring other areas of the allowed region in Figure 2 does not change qualitatively our conclusions.
Our investigation will show that, once we consider all bounds together, the remaining allowed parameter space gets significantly reduced. In particular our results highlight the complementarity of the different phenomenological constraints, suggesting giving an upper bound to f 0 /M 2 proportional to m f /M p .
that a broad approach to inflation models, including analysis of the reheating epoch as well as the connection to particle physics, is needed in order to extract robust conclusions and predictions.
Reheating temperature and n s
Since in our model the couplings between the inflaton and the MSSM particles are well defined (up to the Higgs sector, that we do not specify), we can estimate the inflaton decay modes and the reheating temperature. This is relevant since the inflaton decays via messenger loops to MSSM particles and thus the reheating temperature will be low. A low reheating temperature corresponds to a relatively small number of e-folds during inflation, hence a sizeable shift in n s compared to the usual estimate of 60 e-folds, as in [56, 57] . In addition, the gravitino problem is simpler to solve with a low reheating temperature [58, 59] . The reheating temperature can be found from the energy density at which the Hubble rate (H re ) equals the decay width of the inflaton (Γ φ ) [60] 
where H re is the Hubble rate at the end of reheating, g * ∼ 220 is the number of relativistic degrees of freedom at reheating,w re is the average equation of state during reheating and ρ end is the energy density at the end of inflation. The third equality defines the number of e-folds during reheating (N re ) and the last equality the temperature T re . Though the thermalization after the inflaton decay might take time and result in a lower reheating temperature, we will in the following stick to this upper bound. Finally, since our potential is quadratic around the minimum,w re = 0 [61, 62] . In the CMB we observe the modes at the pivot scale k = 0.002 Mpc −1 . During inflation this scale was the horizon size (a k H k ), so we can write [63] 
where the subscripts 'end', 'eq' and '0' correspond to the end of inflation, matterradiation equality and the current time respectively. Taking the logarithm of Eq. (5.3) gives us, after some manipulations, the number of e-folds during inflation as a function of the number of e-folds during reheating and other known constants [62] Note that this is an implicit equation since r depends on N as shown in Eq. (3.15). This relation can be solved for the reheating temperature, resulting in
where again we used the 1/N expansion. A more careful analysis, keeping higher orders in N showed that in our model corrections to this equation are of the order of a percent. However, due to the exponential behaviour on the number of e-folds, a small deviation in this quantity changes the reheating temperature considerably. In our model the reheating temperature can be computed from the inflaton decay width, and we use Eq. (5.4) to extract the expected number of e-folds. Then we plug this result in Eq. (3.15) and Eq. (3.16) to obtain precise predictions for n s , r and m f as a function of the reheating temperature. The results of this procedure are plotted in Fig. 3 for N , n s and m f . The tensor to scalar ratio, being 1/N 2 suppressed, is roughly 0.002, far below the current experimental constraints.
We now discuss the most relevant decay modes of the inflaton and estimate its decay width to obtain the expected reheating temperature. The mass of the inflaton is taken to be m ϕ = 2m h , neglecting possible contributions from the sgoldstino VEV. We will verify that this is consistent on the considered region of the parameter space.
In the complete model there is no tree-level coupling between the inflaton and MSSM fields and the decay channels are loop suppressed. The leading decay mode arises from the following operator generated at one-loop (together with the operator responsible for the gluino masses) 6) and it gives the following decay modes into gluons and gluinos
These are the dominant decay modes of the inflaton 11 and we approximate with this value the total decay width of the inflaton. Because of the one-loop suppression of this decay width the reheating temperature is rather low in our parameter space, of the order of the TeV scale,
where the numerical values of the parameters has been fixed as in Figure 2 . Then, from Figure 3 we see that for α = 1/3 the number of e-folds is about 48 − 49, and hence that n s is rather small. We also note that the value of m f is around 8 × 10 −6 M p , as the benchmark point we have chosen in the previous section.
Gravitino abundance
In this model the gravitino is the LSP and can be a viable dark matter candidate if Ω 3/2 h 2 Ω DM h 2 = 0.12 (see e.g. [64] [65] [66] [67] for recent developments on gravitino dark matter). Neglecting possible dilution factors, we conservatively demand that the gravitino abundance does not overclose the universe by imposing Ω 3/2 h 2 ≤ Ω DM h 2 . Gravitino relics can be obtained with several mechanisms: i) thermal production; ii) freeze-in production through the superparticle decays; iii) production through inflaton decays; iv) decay of the NLSP, that here is assumed to be the Bino.
In the following we study these production mechanisms and we find the constraints they impose on the parameter space of the model:
i) The reheating temperature for our range of parameters is at most of O(TeV), with gravitino at least of MeV mass, and hence the thermal production of gravitino is not significant [58, 59, 68] . We verified this explicitly in our numerical analysis.
ii) The freeze-in scenario for gravitino dark matter has been proposed as a mechanism to obtain the correct gravitino relic abundance through the decay of the MSSM superparticles [68] [69] [70] [71] . In our case the abundance of the heavy superparticles is suppressed by a Boltzmann factor, due to the low reheating temperature, 12 and hence we have to use the formula [69] Y freeze-in = X
45
√ 90gX 9) where the sum runs over all the superparticlesX, gX is the number of internal degrees of freedom of speciesX, ΓX is the partial decay width ofX into gravitinos, K 1 is the first Bessel function and x = mX/T (where we suppressed the index X). The superparticle masses are much heavier than the current temperature of the universe, so we set x max = ∞, however we cannot ignore the low reheating temperature, so x min = mX/T re . We numerically perform this integral (though it can be done analytically), and demand this abundance to not exceed the dark matter one.
iii) The decay of the inflaton into gravitinos, or into supersymmetric particles eventually decaying into gravitinos, can give a large contribution to the gravitino relic abundance. In these processes the goldstino component of the gravitino is the one setting the relevant interactions.
The inflaton can decay directly into goldstinos or sgoldstinos through the interactions induced by the second line of (4.9). The second term in the second line in equation (4.9) determines the direct decay into goldstinos as
where m ϕ = 2m h is the mass of the inflaton. This decay is very much suppressed compared to (5.7) but can nevertheless lead to an overabundance of gravitinos.
Moreover, another relevant channel is the decay into sgoldstino, since in our parameter space we have m ϕ > m s . This decay mode has the same partial width as the one above, hence it can be important since the sgoldstino will decay mainly into goldstinos.
We estimate the abundance of gravitinos arising from these processes, assuming conservatively that the sgoldstino decays with 100% BR into two gravitinos, as
where we included multiplicity factors. We impose that such abundance does not exceed the dark matter abundance.
Furthermore, decays of the inflaton into MSSM particles and eventually into the NLSP have sizable branching ratios. However, if the NLSP is in thermal equilibrium, its abundance will be set by the thermal bath dynamics. In order for the NSLP to be in thermal equilibrium we demand that the reheating temperature is larger than the NLSP mass, i.e. the Bino mass
iv) The abundance of the Bino in the case in which the other sparticles are very heavy has been computed in [75] [76] [77] and it depends on the slepton masses ml, which we estimate in (4.18), and reads
The abundance of the Bino will set the gravitino abundance obtained via Bino decay as
(5.14)
In our analysis we will demand that ΩB 3/2 h
The gravitinos produced by any of the processes aforementioned could potentially carry a large energy (at most m ϕ /2). A too high free-streaming length of the gravitino could thus destroy small scale structures and is experimentally constrained [78] . Since in our model the inflaton mass is very low (compared to other inflation models), we find, using results of [79] that this does not constrain our parameter space.
BBN
Late decays of the NLSP into gravitinos can spoil BBN if the decay time is larger than ∼ 0.1s [80, 81] . This poses an absolute lower bound in the (m 3/2 , m λ ) plane given by the requirement 
Combination of the cosmological and LHC constraints
We can now combine all the constraints listed above in one single plot which highlights the viable region in the parameter space of the model in the (m 3/2 , m λ ) plane. As mentioned, we restrict to the dashed line in Figure 2 for definitess (cfr. (5.1) ).
In Figure 4 we show our results for a representative choice of the numerical parameters, which however does not influence the qualitative features of the conclusions.
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The black region is excluded because of tachyons in the spectrum, and corresponds in the plot of Figure 2 to going beyond the tip of the allowed conical region along the dashed lines. The purple region is excluded because of the BBN constraint on the Bino decay time in (5.15). The red region is excluded since the gravitino abundance exceeds the one expected for dark matter because of inflaton decay (above the dashed blue line), because of Bino decay (the region on the right of the dashed green line), or because of a combination of these two mechanisms. The freeze-in contribution to gravitino abundance, instead, turns out not to be relevant on the explored parameter space.
The allowed region passing all the constraints is the white spiky region. On the border between the white and the red regions the gravitino has the correct relic abundance to be the dark matter of the universe. In the rest of the white region dark matter can be constituted by some other particle in the hidden sector, e.g. as in [84] .
We note that the gluino mass is bounded from above in the allowed region, and should be smaller than around 7 TeV for the choice of parameters in the plot. In the blue region the gluino mass is below 2 TeV, and hence excluded by the LHC bound.
14 Similarly, also the gravitino mass has both a lower and an upper bound, spanning between a few MeV and half a GeV. In particular, it is interesting to see that the upper bounds on m λ and m 3/2 are generated by a combination of the constraints from gravitino overabundance and BBN. Figure 2 . The white region is the one satisfying all the constraints explained in the text. The black region is excluded because of tachyon conditions. The red and purple regions are not viable because of phenomenological constraints on gravitino abundance or BBN, respectively. In the light blue region the gluino mass is lower than 2 TeV, the current LHC bound [82, 83] . The contours denote the spectral tilt n s and the reheating temperature.
In Figure 4 we also show the contours of the inflation observable n s , obtained after computing the reheating temperature and using the results of Figure 3 . Since a larger n s (hence larger reheating temperature) is favoured by the Planck data, it is interesting that both Planck and the LHC prefer the same region of parameter space, with larger gluino and gravitino mass. This is clearly a specific feature of the model considered, but it is appealing that two experiments probing completely different physics can provide indications on the same BSM theory.
Our results should be considered as a preliminary analysis of an illustrative model which combines inflation and particle physics predictions, and it emphasizes the inter-play between these two sets of physical requirements in shaping viable scenarios.
Further remarks There are several aspects that we did not consider in our analysis and could be improved. First, in our model besides the inflaton there is another scalar field, the sgoldstino, that could potentially dominate the energy density of the universe at some stage of the cosmological evolution. This would be problematic given that the sgoldstino decays significantly into gravitinos, eventually leading to an overabundance of the latter. However we argue that this should not happen in the parameter space we explored for the following reasons, leaving a detailed analysis to future work. The scenario is very similar to curvaton models [85] [86] [87] , with the sgoldstino playing the role of the curvaton. First, as one can check explicitly, the decay width of the sgoldstino is of similar order of magnitude of the decay width of the inflaton for our numerical values used for Figure 4 . Moreover, the field excursion of the sgoldstino VEV is much smaller than the inflaton one, being constrained to be smaller than M + g f φ to avoid tachyons, and being concretely always smaller than M along the entire inflaton trajectory (which can be inferred from formula (A.1) and condition (A.4) in Appendix A). These two observations can be confronted with the results of [88] which consider the contribution to post-inflationary evolution of simple curvaton models for a range of parameters. Our sgoldstino scenario can be argued to map to one where the curvaton never dominates the energy of the universe, though this question deserves clearly further dedicated study.
As already mentioned, we did not include possible effects from the extended SUSY Higgs sector and from the Higgsino, and we further assumed the Bino to be the NLSP. Note that if the neutralino NLSP would be instead mostly Higgsino-like the bounds from BBN (purple region) and from NLSP decay (the part of the red region on the right of the dashed green line) would be considerably softened since the abundance of the Higgsino-like neutralino is suppressed compared to the one of the Bino.
Concerning the gravitino abundance, we did not consider possible non thermal production arising during preheating [89] . The results of a recent paper [90] seem to indicate that our model, where h(Φ) is a quadratic function, should not be hindered by such effects, but a dedicated analysis should be performed to reach a definite conclusion. Generically, there can be other effects during the cosmological history of the universe, in particular in the (p)reheating epoch, that would eventually lead to additional gravitino production mechanisms which would impact significantly the outcome of our analysis. We leave for future studies a more thorough study of the gravitino problem. However, we argue that our results already hint at the possibility that the gravitino problem can be more easily circumvented in this class of models, due to the low reheating temperature, which is an intrinsic property of our model, in particular of the coupling of the inflaton to the supersymmetry breaking mechanism.
Discussion
In this paper we have addressed the issue of the compatibility of nilpotent inflation with low-scale SUSY breaking. The nilpotent approach simplifies many aspects of the supergravity embedding of inflation since the sgoldstino is taken to be integrated out and its dynamics can be neglected.
We consider a class of models in which the sgoldstino is present but has a mass, given by a higher dimensional effective operator, and we have investigated under which conditions this massive sgoldstino is always effectively decoupled from the physics of inflation. Specializing to a field theoretic weakly coupled UV completion of the SUSY breaking sector, which we take to have a non-trivial coupling to the inflaton, we find that the scale of SUSY breaking cannot be as low as one could expect, for instance, in gauge mediated models. This can be intuitively understood as follows: low SUSY breaking scales lead generically to a light sgoldstino, and it becomes more difficult to decouple the latter from inflation physics. The constraints are in practice more complicated, but they can be nicely summarized as in Figure 2 .
An important remark concerns the implications of our results on the regime of validity of generic nilpotent inflation models. These can encompass various different choices, concerning on one side the inflationary supergravity model, and on the other the type of SUSY breaking dynamics and mediation. Most notably the coupling between two physical set-ups will be important, as in our model. Indeed, in [32] a variety of models were considered, both for inflation and for SUSY breaking, but no inflatondependence was contemplated in the operator giving the sgoldstino its mass. This resulted in very stringent bounds on the scale of SUSY breaking. Our findings relax these bounds, but nevertheless we cannot explore all of the potential parameter space of the SUSY breaking and mediation scales while staying at weak coupling.
It may well be that generalizing even more the types of models we can push further down the bounds on the gravitino mass and the SUSY breaking scale. Note however that our choice of inflationary sector, the α-attractor, is already very flexible in itself. As for the SUSY breaking sector, its effective parametrization as in Section 3 allowed us to derive a crude approximation of the bounds, that we found using the increased precision of the weakly coupled UV complete model for definiteness. One way to try to overcome these bounds is to take strongly coupled SUSY breaking and messenger sectors. Here we could hope to explore the other valid regions of parameter space that open up in the EFT.
The specification of the UV model, and in particular of the couplings between the inflaton and fields involved in SUSY breaking, has a positive side. It has allowed us to discuss in some detail the physics of inflation, including reheating and dark matter abundance bounds, and confront it with collider bounds on superpartner masses. The complementarity of these bounds is manifest in Figure 4 . The result is actually that our model is quite predictive, both for inflation observables (low spectral tilt n s and reheating temperature) and for collider ones (upper and lower bounds on the gluino and gravitino masses). A different UV completion would certainly change the details, and the outcome of the analysis. We believe however that we have shown how to proceed in such a task.
To conclude, we would like to convey the message that nilpotent inflation can be compatible with low scales of SUSY breaking only with an increasing number of conditions on its UV completion. We do not seem to reasonably expect it to allow for arbitrarily low scales, i.e. as for a GMSB scenario with eV-scale gravitino. On the other hand, once a UV completion is specified, such models lead to a complete and complementary characterization of cosmological and collider observables, thus confirming the expectation that inflation and SUSY breaking are intimately tied together.
A Analysis of sgoldstino VEV and EFT validity
In this appendix we give more details on the analysis of the constraint on the sgoldstino VEV. As explained in Section 3, the inflationary trajectory spans the space of Im(Φ) with Re(Φ) = Im(S) = 0 while the real part of the sgoldstino is given by equation (3.5). The condition S Λ eff (Φ) is quite involved to solve analytically given the different terms entering into the expression for the sgoldstino VEV (3.5). We will discuss various limits for this expression to extract the relevant inequalities such that the validity of the effective theory is guaranteed along the entire inflationary trajectory. We first analyze the two extrema of the inflaton trejectory. For small ϕ the sgoldstino VEV is Planck suppressed and scales as s ∼ 
